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bstract

Despite vaccination, canine distemper virus (CDV) remains one of the important pathogen of dogs with worldwide distribution. Ribavirin (RIB)
nhibits replication of measles virus (MV), a morbillivirus closely related to CDV, both in vitro and in vivo. In this report the antiviral activity of
IB against CDV in cell cultures was assessed. Quantitative real-time RT-PCR was used to measure viral RNA in VERO cells infected by CDV
nd to evaluate the inhibitory effects of RIB. RIB caused a dose- and time-dependent decrease in accumulation of CDV RNA when added after
irus adsorption. RIB was highly effective in preventing CDV replication at low concentrations with 50% virus-inhibitory concentrations ranging
rom 0.02 to 0.05 mM. Such low values were comparable to values displayed by highly susceptible strains of MV. In addition, CDV was passaged

equentially in VERO cell monolayers in the presence of RIB to trigger viral extinction. The virus was no longer detected after three passages,
uggesting that error catastrophe is one of the modes of action of RIB against CDV. These findings suggest RIB as a promising tool for the therapy
f CD in dogs.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Canine distemper virus (CDV) is a single-stranded RNA
irus in the genus Morbillivirus, family Paramyxoviridae, and
s closely related to measles virus, rinderpest virus and phocine
istemper virus. Biological and antigenic similarities among
hese viruses are well documented (Schobesberger et al., 2005).
n dogs, CDV infection can result in subclinical infections,
astrointestinal signs and/or respiratory signs, frequently fol-
owed by central nervous system (CNS) involvement (Appel,
987; Appel and Gillespie, 1972). Approximately 15% of canine
nflammatory CNS diseases are caused by CDV (Appel and
ummers, 1995). There are no specific antiviral agents for the

reatment of CDV infection for, despite extensive vaccination,
DV infection remains a major disease of dogs.

Ribavirin (1-�-d-ribofuranosyl-1,2,4-triazole-3-carbox-

mide, RIB) is a purine nucleoside analog with a broad
pectrum activity against both DNA and RNA viruses (Graci
nd Cameron, 2006). RIB has shown varying degrees of clinical
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fficacy against respiratory syncytial virus (Cooper et al., 2003),
easles virus (Gururangan et al., 1990) and Lassa fever virus

Haas et al., 2003). In combination with pegylated interferon,
IB represents the standard therapy for the treatment of chronic
epatitis C infection (Fontanges et al., 2007).

The mechanisms by which RIB inhibits different viruses are
ifficult to elucidate since the drug appears to have pleiotropic
ffects. However, the antiviral mechanisms described for RIB
an be traced back to the initial step of the drug’s intracellular
etabolism, e.g., the conversion of the RIB to ribavirin-5′-
onophosphate (RMP) by adenosine kinase. This enzyme

epresents the intracellular rate-limiting step in RMP produc-
ion and the variability of RIB antiviral activity in different cell
ines has been attributed to phosphorylation differences (Parker,
005).

RMP acts as a potent inhibitor of inosine monophosphate
ehydrogenase (IMPDH) leading to the depression of intracel-
ular guanosine triphosphate (GTP) levels (Streeter et al., 1973;
eyssen et al., 2005). The resulting nucleotide pool imbalance
nduces the viral polymerases to substitute alternative nucle-
sides for GTP, thus increasing the viral mutation frequency
nd production of defective genomes (Parker, 2005). RMP,
oreover, undergoes subsequent phosphorylation and the final

mailto:g.elia@veterinaria.uniba.it
dx.doi.org/10.1016/j.antiviral.2007.09.004
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roduct, ribavirin-5′-triphosphate (RTP), represents the major
ntracellular active metabolite of RIB in mammalian cells.

Experimental evidence indicates that RTP can compete with
TP or GTP as an alternative substrate for the viral polymerase

Parker, 2005). Therefore, viral replication may be inhibited as
consequence of viral RNA chain termination. Since the inhibi-

ion of RNA elongation does not necessarily occur, anomalous
iral genomes may be generated, accounting for the mutagenic
ffects described for RIB (Crotty et al., 2000; Contreras et al.,
002; Severson et al., 2003). Mutations may then accumulate as
virus goes through multiple rounds of replication, leading to

nactivation of the viral population (error catastrophe).
The cellular metabolic products of RIB can reduce viral pro-

ein translation and RNA replication and also interfere with
NA capping efficiency (Bougie and Bisaillon, 2004; Hong and
ameron, 2002; Robins et al., 1985; Zhou et al., 2003). Fur-

hermore, RIB has been shown to affect RNA replication by
he direct inhibition of RNA polymerase (Wray et al., 1985), as
bserved with influenza virus, or by interfering with its activity
Eriksson et al., 1977).

In this study the inhibitory effects of RIB on CDV replica-
ion were assessed in vitro. A real-time RT-PCR assay (Elia et
l., 2006) was used to evaluate the antiviral activity of RIB by
uantification of viral RNA copies in CDV-infected VERO cells.

. Experimental/materials and methods

.1. Cells, virus and compounds

African green monkey kidney (VERO) cells (kindly pro-
ided by Istituto Zooprofilattico Sperimentale della Lombardia e
ell’Emilia Romagna-Brescia, Italy) were used throughout the
xperiments. Dulbecco’s Modified Eagle’s Medium (DMEM)
ith 10% fetal bovine serum was used for cell growth and the

ame medium was used for antiviral assays. The Onderstepoort
DV vaccine strain was cultured in VERO cells to prepare a virus

tock that was titrated by the endpoint dilution method and stored
t −80 ◦C until used. For the experiments, RIB (Sigma–Aldrich
o., St Louis, MO, USA) was dissolved in distilled water, ster-

lized by filtration and diluted serially in two-fold increments in
-MEM in order to obtain compound concentrations from 0.03

o 16 mM.

.2. Antiviral evaluation

Initial experiments were carried out to evaluate the inhibitory
ffect of RIB against CDV in VERO cells at 3 days post-infection
PI). Confluent monolayers of 24 h old VERO cells in 96-well
lates were used. The medium was removed and the cells were
nfected with 40 tissue culture infectious doses (TCID50) per
ell of the CDV stock. After 1 h of incubation at 37 ◦C, the

nocula were removed and the monolayers were washed three
imes with D-MEM. The cell cultures were then incubated at

7 ◦C in the absence or presence of RIB at the stated concen-
rations. Four wells were used for each RIB dilution and all
xperiments were carried out in triplicate. At 24, 48 and 72 h PI,
he supernatants and cryolysates from the wells corresponding to

(
o
c
4
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ach RIB concentration, and from the untreated wells, were col-
ected and the replicates were pooled. Each pool was then tested
o evaluate the viral RNA load by using real-time RT-PCR for
DV.

.3. Viral extinction

Viral extinction was monitored by serial passages of CDV
n confluent monolayers of VERO cells. VERO cell monolay-
rs were infected with CDV and RIB was added to the culture
edium after virus adsorption, as described above. At 3 days
I, the untreated, infected cells exhibited clear cytopathic effect
CPE) and the supernatant fluids were collected. The super-
atants of the four replicates were pooled and stored at −80 ◦C.
ater, the virus was titrated by the end-point dilution method and
0 TCID50 were used for subsequent passages. The supernatants
f RIB-treated cells were also collected and the replicates were
ooled. The same dilutions as with the untreated infected cells
1:1250) were used to re-infect the cells. The entire protocol
as carried out on three separate 96-well plates and repeated

or three consecutive passages. Samples (140 �l) of each pool
ere then tested by quantitative RT-PCR.

.4. Quantitation of viral RNA load

Drug efficacy was evaluated by measuring viral RNA copies
n samples collected from antiviral assays by a real-time quanti-
ative RT-PCR. Total RNA was extracted from 140 �l cell culture
upernatants and cryolysates using QIAamp Viral RNA meth-
ds (QIAamp Viral RNA, Qiagene S.pA., Italy), according to
he manufacturer’s instructions.

RNA was reverse transcribed in a reaction volume of 20 �l
ontaining PCR buffer 1× (KCl 50 mM, Tris–HCl 10 mM, pH
.3), MgCl2 5 mM, 1 mM of each deoxynucleotide (dATP, dCTP,
GTP, dTTP), RNase inhibitor 1 U, MuLV reverse transcriptase
.5 U, random hexamers 2.5 U. Synthesis of c-DNA was carried
ut at 42 ◦C for 30 min, followed by a denaturation step at 99 ◦C
or 5 min.

For construction of CDV standard RNA, a PCR assay tar-
eting the nucleoprotein gene generated a 880 bp fragment that
as cloned into pCR®4-TOPO (Invitrogen Srl, Milan, Italy)

nd in vitro transcribed (Elia et al., 2006). The transcript was
hen purified and quantified by spectrophotometrical analysis.
uplicates of the CDV standard dilutions and RNA templates
ere simultaneously subjected to real-time analysis, as previ-
usly described (Elia et al., 2006). Briefly, real-time PCR was
arried out in a 50 �l reaction containing 25 �l of IQTM Super-
ix (Bio-Rad Laboratories Srl, Milan, Italy), 600 nM of primer
DV-F (5′-AGCTAGTTTCATCTTAACTATCAAATT-3′) and
DV-R (5′-TTAACTCTCCAGAAAACTCATGC-3′), 400 nM
f probe CDV-Pb (FAMACCCAAGAGCCGGATACATAG-
TTCAATGC-TAMRA) and 20 �l of c-DNA.

Samples were analyzed on a 7500 Real-time PCR System

Applied Biosystems, Foster City, CA, USA) with parameters
f 95 ◦C, 10 min (polymerase activation phase), followed by 45
ycles of denaturation at 95 ◦C for 15 s, primer annealing at
8 ◦C for 1 min and extension at 60 ◦C for 1 min.



1 Resea

2

m
B
w
(
a
d
e
i
w
(
i
w
1
w
(
s
r
B

2

a
c
w
s
c
t
n
s
r
c
a
c
o
i
d

R

c
8
c
r
t
t
e
e
s
m
w

3

3

m
R
(
i
2
o
t
a
t
t
w
m
l
d
c
e

c
a
4
S

F
r
(

10 G. Elia et al. / Antiviral

.5. Cytotoxicity assay

RIB was tested for cytotoxicity using a quantitative colori-
etric neutral red (NR) assay (Borenfreund and Puerner, 1985).
riefly, confluent monolayers of VERO cells in 96-well plates
ere treated with serial two-fold dilutions of RIB in D-MEM

from 0.1 to 16 mM), using three wells per drug concentration,
nd then incubated at 37 ◦C, using the same experimental con-
itions as those used to evaluate drug antiviral activity. Each
xperiment was repeated three times. At 24, 48 and 72 h of
ncubation, the medium was removed and the cells were rinsed
ith PBS (pH 7.2). Two hundred and fifty microliters of NR

50 �g/ml) were then added to the monolayers and the cells were
ncubated for 3 h. Dye solution was removed and the monolayers
ere rinsed by a 2 min shaking with a wash-fix solution (CaCl2
% in formaldehyde water solution 4%) and the retained stain
as released by adding 100 �l/well of acetic acid/ethanol/water

1:50:49). After shaking for 20 min at room temperature, the
upernatants were transferred to 96-well microtitre plates and
ead in an automatic spectrophotometer (microtitre plate reader,
io-Rad 550) at a wavelength of 545 nm.

.6. Data analysis

The amount of viral RNA in treated cultures was expressed
s the percentage of the RNA in the non-treated CDV control
ells. The relative cell viability observed in the cytotoxicity tests
as expressed as the percentage of absorbance values of the

amples versus the untreated control groups. After logarithmic
onversion of drug and viral RNA copies, the data obtained in
he antiviral activity assay were analysed by both a linear and
on-linear curve fitting procedure (GraphPad Prism versus 3
oftware). The goodness of fit was tested by r2 from non-linear
egression and by the runs test. From the fitted dose–response
urves obtained in each experiment, the potency was expressed
s the 50% inhibitory concentration (IC50) at which viral RNA
opies decreased to half of that of cells cultured without addition
f antiviral drug; the efficacy (Emax) is expressed as the max-

mum inhibitory effect of the drug on CDV replication in the
ifferent experimental conditions used.

A safety margin for VERO cells after 24 h of exposure to
IB was calculated as the ratio between the 20% cytotoxic con-

(
o
(
v

ig. 1. Non-linear regression of the concentration–effect curves showing the antivira
eal-time RT-PCR on cryolysate (continuous line) and supernatant (dotted line) at d
S.E.M.).
rch 77 (2008) 108–113

entration (CC20) at which the viability of cells decreased to
0% of that of untreated cells and the 80% inhibitory con-
entration (IC80). CC20 was calculated on the basis of linear
egression of the percent reduction of cell viability at concentra-
ions that ranged from 2.0 to 6.0 mM; the IC80 was calculated on
he basis of non-linear regression of the concentration–antiviral
fficacy curves. Results are expressed as the mean ± standard
rror of mean (S.E.M.) and the data were analyzed for statistical
ignificance using the one-way ANOVA followed by Dunnet’s
ultiple comparison test. Differences were taken as significant
hen P < 0.05.

. Results

.1. Antiviral evaluation

VERO cells infected with CDV and incubated for 72 h in
edia containing various concentrations of RIB showed that
IB inhibited CDV replication in a dose-dependent fashion

Fig. 1). At the highest concentration (1.0 mM), inhibition of the
ntracellular virus was greater than 2.0, 3.0 and 5.0 log TCID50 at
4, 48 and 72 h after exposure, respectively. Log RNA copies/ml
f the untreated control cultures, plotted against the incubation
ime, revealed a direct relationship between viral RNA yields
nd the incubation time (linear regression: r2 = 0.999). The rela-
ionship between drug effects and the times of exposure showed
hat antiviral activity at the higher concentrations (1.0–0.5 mM)
as not related to the time interval of exposure since maxi-
al efficacy was observed after the 24 h period. However, at

ower concentrations (starting from 0.06 mM = 15 �g/ml) the
rug efficacy was dose-related and using 0.25–0.12 mM con-
entrations, the maximal effect was obtained only after a 48 h
xposure (Fig. 2).

Analysis of the supernatant fluid samples collected from the
ontrol cells revealed that virus titres in the supernatants were
bout 2–5% the virus titres in the intracellular compartment (1.8,
.5 and 5.2% at 24, 48 and 72 h of incubation, respectively).
tarting from 48 h exposure to RIB, there was a dose-dependent

r2 > 0.9) decrease in the supernatant virus load. After 24 h
f exposure no drug dose–efficacy relationship was recorded
r2 = 0.45) and viral titres did not exceed more than 50% of the
irus amounts in the infected control cells (Fig. 1).

l activity of ribavirin against canine distemper virus replication as assessed by
ifferent exposure times. Data are expressed as mean ± standard error of mean
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Fig. 2. Antiviral effect of ribavirin against canine distemper virus replication
in VERO cells as assessed by real-time RT-PCR at three different incubation
t
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imes. (�) control; (�) 0.03 mM; (�) 0.06 mM; (�) 0.12 mM; (�) 0.25 mM;
�) 0.5 mM; (�) 1.0 mM. Data are expressed as mean without standard error of
ean (S.E.M.) that, however, never exceeded 15% of the mean values.

Table 1 shows the potency (IC50) and efficacy (Emax) param-
ters of RIB activity, together with the IC80 values, calculated
y the fitted dose–response curves and the goodness of drug
ose–efficacy relationship (r2).

.2. Viral extinction

Viral extinction was evaluated by sequential passages of CDV
n RIB-treated cells. At the lowest concentration (0.03 mM) viral
NA copies decreased proportionally over the various passages;
y the third passage the mean RNA copy number was signif-
cantly (about five-fold) lower (P < 0.05) than in the untreated
nfected cells. Complete viral extinction was observed after three
assages in the cells treated with 0.06 mM RIB and at the second
assage in the cells treated with ≥0.12 mM RIB (Fig. 3). Viral
NA copies in the untreated cells remained constant over the

hree passages.

.3. Cytotoxicity assay

No significant toxicity was observed in VERO cells exposed

o the drug at concentrations that varied between 0.4 and 4.0 mM.
owever, significant cytotoxic effects (P < 0.01) were observed

t 24 h post-exposure at concentrations ≥6.0 mM. Control cell
iability decreased by nearly 30% with every two-fold increase

m
m
d
a

able 1
ntiviral potency (IC50–IC80) and efficacy (Emax) of ribavirin against CDV in VERO

xposure time (h) Cryolysates

r2 IC50
a (mM) IC80 (mM) Emax

b

4 0.9 0.05 ± 0.007 0.09 ± 0.01 99.8
8 0.9 0.06 ± 0.005 0.11 ± 0.01 100
2 0.93 0.02 ± 0.001 0.04 ± 0.002 100

a IC50–IC80 values are expressed as mean ± S.E.M. The IC50 and IC80 are defined a
f cells cultured without addition of antiviral drug.
b Emax is expressed as the percentage decrease of viral RNA copies vs. infected non
ig. 3. Virus titre after sequential passages in VERO cells exposed to ribavirin
t different concentrations (�, control; �, 0.03 mM; �, 0.06 mM; �, 0.12 mM).
ata are expressed as mean ± standard error of mean (S.E.M.).

n RIB concentration. Significant cytotoxicity (P < 0.05) was
bserved only at the highest concentrations (16 mM), with 20
nd 15% decreases in cellular viability after 48 and 72 h expo-
ure, respectively.

RIB safety margin of 57.66 for VERO cells after 24 h of
xposure was calculated as the CC20/IC80 ratio (5.19/0.09 mM).

. Discussion

Although known for centuries, CDV still remains a major
athogen of dogs with worldwide distribution. The canine virus
s closely related to measles virus (MV) (Adams and Imagawa,
957) and this relationship may be exploited to compare or eval-
ate in parallel the efficacy of molecules of potential therapeutic
nterest. Since RIB has been reported to have superior antiviral
ffects against MV than other nucleoside and non-nucleoside
ompounds (Hosoya et al., 1989), it was of interest to assess
hether RIB could also inhibit CDV replication in vitro.
In order to evaluate the effects of antiviral drugs in cell cul-

ures, it is necessary to determine their ability to inhibit virus
eplication at non-cytotoxic concentrations and to ascertain their
oncentration-dependent activities. Titration of infectious virus
n cell cultures is usually achieved by the end-point dilution
ethod which is time consuming. Evaluation of viral growth
ay be based on the observation of CPE, but it is sometimes

ifficult to distinguish virus-induced CPE from non-specific cell
lterations. In this study, we evaluated RIB inhibitory effects

cells

Supernatants

(%) r2 IC50
a (mM) IC80 (mM) Emax

b (%)

9 0.45 – – –
0.91 0.022 ± 0.001 0.042 ± 0.002 100
0.95 0.017 ± 0.001 0.031 ± 0.002 100

s the concentration at which viral RNA copies decreased to 50 and 80% of that

-treated cells.
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n CDV by quantitation of viral RNA copies in real-time RT-
CR assays. Compared to conventional methods, the real-time
T-PCR was faster and more objective.

Evidence has been provided that RIB exerts its activity
gainst MV with IC50 between 8.6 and 66.7 �g/ml, with the
ifferences depending on the virus strain and/or experimental
onditions (Shigeta et al., 1992; Wyde et al., 2000; Grancher et
l., 2004). In our experiments, RIB proved to be highly effective
n preventing CDV replication at low concentrations, ones that
anged from 0.02 to 0.05 mM IC50 (6.5–12.5 �g/ml). Such val-
es are similar to those obtained in tests of RIB against highly
usceptible MV strains.

As suggested in the cytotoxicity tests, actual RIB antivi-
al effects likely accounted for decreases in the viral titres we
bserved in the antiviral assays since RIB-induced cellular tox-
city was not observed within the effective concentration range
f RIB.

The in vitro antiviral activity of RIB varies depending on the
ell line used (Sidwell, 1980), a phenomenon that is likely due to
hosphorylation differences (Smee et al., 2001). Unlike previous
eports (Smee et al., 2001; Cinatl et al., 2005), the efficacy of
IB in VERO cells suggests sufficient phosphorylation of the
rug to its active forms in simian cells.

RIB also was shown to inhibit CDV replication in vitro in a
ose- and time-dependent manner. Even though non-cytotoxic
rug concentrations of 0.5–1 mM completely blocked CDV
eplication 24 h after RIB exposure, the timing experiments indi-
ate that the IC50 value was twice as high at 24 h (0.05 mM) as
t 72 h post exposure (0.02 mM). This would suggest that RIB
ffects virus transit into the extracellular compartment early in
he viral replication cycle. After 24 h exposure, in fact, even
t low RIB concentrations, in the treated cells a low num-
er of viral RNA copies was observed, suggesting a decrease
n the assembly of new virus particles able, subsequently, to

igrate into the extracellular compartment and to spread to other
ells.

The viral extinction studies indicate that RIB at the lowest
oncentrations (0.03–0.12 mM) significantly affects CDV repli-
ation. This finding suggests an accumulation of detrimental
utations in the viral genome (error catastrophe).
Since RIB has various mechanisms of antiviral action, it is

ifficult to identify a specific antiviral activity (Parker, 2005;
ay et al., 2005; Leyssen et al., 2005). The experimental design

dopted in the present study could not fully examine the modes of
ntiviral action exploited by RIB. However, our findings showed,
t low drug concentrations, that the viral RNA copies detected
y real-time RT-PCR correlate with low virus infectivity and
hat the antiviral activity of RIB is time-dependent.

Since, as observed with influenzavirus, the concentration of
TP required for incorporation into the viral genome is much

ess than that required to inhibit RNA elongation and since the
iral RNA copies containing fraudulent nucleotides by means
f inhibition of IMPDH early appear (Parker, 2005), it may

e speculated that RIB interferes with CDV RNA polymerase
y competing with natural nucleosides and producing the error
atastrophe phenomena rather than by causing chain termina-
ion.

C

rch 77 (2008) 108–113

Since RIB efficacy in the infected cells increased with the
xposure time, it can be accounted for by the asynchronous
ctivation of various mechanisms (e.g., increase in mutation fre-
uency, viral RNA termination, interference with RNA capping,
tc.).

By the NR assay, relatively low cytotoxicity was displayed
y RIB in confluent VERO cells since drug-induced CPE
as detectable only at concentrations ≥6.0 mM. Moreover,
sing the concentrations adopted for the cytotoxicity study, a
C50 > 16 mM was estimated. Our results do not allow definition
f the RIB selectivity index (CC50/IC50). However, the safety
argin, calculated as the ratio CC20/IC80 at the 24 h exposure

ime, produced the highest drug toxicity, indicating that RIB
nduces 20% cell mortality at concentrations 50 times higher
han the concentrations required to cause 80% decrease in the
iral RNA copies. Several compounds have been shown to have
ittle or no toxicity in confluent cell monolayers, but there was
onsiderable toxicity in freshly seeded cells (Baker et al., 2003).
ccording to our findings and to previous experiments (Shigeta

t al., 1992; Kimura et al., 2000; Grancher et al., 2004), RIB tox-
city in VERO cells is likely to be affected by the cell replicative
ctivity.

RIB-elicited toxicity in VERO cells was inversely correlated
ith the times of exposure since exposure to this compound

or short periods (e.g., 24 h) resulted in more severe cytotoxic
ffects. These findings give additional support to our hypothesis
n the mechanism of RIB action against CDV since RIB cyto-
oxicity is due to the inhibition of IMPDH by RMP and RTP is
ot a substrate for cellular polymerase (Parker, 2005).

In conclusion, evidence presented in this study indicates
hat RIB has strong inhibitory effects on CDV replication in
itro, encouraging hope for its clinical applicability in vivo. The
ime-dependant antiviral activity and the effectiveness at low
oncentrations may justify in vivo studies aimed at determining
herapeutic tissue levels, i.e., ones lower than the estimated IC50
hich could result in better drug tolerance and be used in dogs
ver prolonged periods.
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